Marine lakes are unique ecosystems that contain isolated populations of marine organisms. Isolated from the surrounding marine habitat, many lakes house numerous endemic species. In this study, microbial communities of sponges inhabiting these lakes were investigated for the first time using barcoded pyrosequencing of 16S rRNA gene amplicons. Our main goals were to compare the bacterial richness and composition of two sponge species (Suberites diversicolor and Cinachyrella australiensis) inhabiting both marine lakes and adjacent open coastal systems. Host species and habitat explained almost 59% of the variation in bacterial composition. There was a significant difference in composition between both host species. Within S. diversicolor, there was little discernible difference between bacterial communities inside and outside lakes. The bacterial community of this species was, furthermore, dominated (63% of all sequences) by three very closely related alphaproteobacterial taxa identified as belonging to the recently described order Kiloniellales. Cinachyrella australiensis, in contrast, hosted markedly different bacterial communities inside and outside lakes with very few shared abundant taxa. Cinachyrella australiensis in open habitat only shared 9.4% of OTUs with C. australiensis in lake habitat. Bacteria were thus both highly species specific and, in the case of C. australiensis, habitat specific.
Introduction
Marine lakes, a very rare and unique habitat, are anchialine systems, which are small bodies of landlocked sea water isolated to varying degrees from the surrounding marine environment (Holthuis, 1973; Hamner & Hamner, 1998; Colin, 2009; Becking et al., 2011) ; they contain brackish to almost fully marine waters. The marine character of these systems is maintained by subterranean tunnels, fissures or small dissolution channels in the surrounding rock, connecting the lakes to the adjacent sea, and as such display a wide variety in the degree of connection to the sea and environmental regimes within the lakes (Hamner & Hamner, 1998; Cerrano et al., 2006; Azzini et al., 2007; Becking et al., 2011) . These landlocked pools of water are subjected to a tidal regime, which is typically delayed and dampened compared with the adjacent sea (Hamner & Hamner, 1998; Becking et al., 2011) . The number of marine lakes worldwide is estimated at only 200 with clusters of ten or more lakes occurring in areas with a karstic limestone landscape in Croatia, Bermuda, Vietnam, Palau and Indonesia (Dawson et al., 2009) . This enclosed environment has set the stage for small, isolated, rapidly evolving populations and endemic (sub)species (Holthuis, 1973; Maciolek, 1983; Tomascik & Mah, 1994; Massin & Tomascik, 1996; Dawson & Hamner, 2005) . Kakaban lake, for example, one of the largest marine lakes presently known to science and highly isolated from the adjacent sea (Tomascik & Mah, 1994; Becking et al., 2011) , contains many rare and endemic species across a variety of taxa including a crab (Orcovita saltatrix Ng & Tomascik, 1994) , two holothurians (Holothuria (Lessonothuria) cavans Massin & Tomascik, 1996 and Synaptula spinifera Massin & Tomascik, 1996) and an ascidian (Styela complexa Kott, 1995) . Surveys of marine lakes in Indonesia, Vietnam and Palau have shown sponges to be one of the most dominant taxa in terms of biomass and diversity (Azzini et al., 2007; Colin, 2009; Becking et al., 2011 Becking et al., , 2013 . However, to the best of our knowledge, no studies have been conducted on the diversity and composition of symbiont microbial communities associated with these unique and unexploited environments.
Sponges (phylum Porifera) are exclusively aquatic animals with currently 8553 extant species and with an estimated 25 000 species (Appeltans et al., 2012; Van Soest et al., 2012) . They are successful colonisers of a wide range of habitats, from tropical to polar seas and shallow to deep waters, and are found in marine and freshwater habitats, where they are involved in a host of ecological processes (R€ utzler, 2004) . Sponges have been shown to be unique and highly selective environments for bacteria; the bacterial assemblages they host are, furthermore, of substantial ecological, biotechnological and pharmaceutical importance (Hentschel et al., 2002 (Hentschel et al., , 2006 Taylor et al., 2007; Webster et al., 2010; Jackson et al., 2012; Webster & Taylor, 2012) . In many cases, the bacterial symbionts either are the source or contribute significantly to the production of bio-active secondary metabolites found in sponges (Lee et al., 2001; Piel, 2004; Erpenbeck & van Soest, 2007; Taylor et al., 2007) . As a result, there is heightened interest in these bacteria. Different sponge species cohabiting the same habitat can greatly differ in the abundance of their associated microorganisms. Highmicrobial-abundance sponges can contain around 10 10 bacterial cells g À1 wet weight of sponge (orders of magnitude higher than concentrations in sea water); low-microbial abundance sponges contain densities of around 10 6 cells g À1 (similar to densities in sea water) (Hentschel et al., 2006; Kamke et al., 2010) . Only a minute percentage of bacteria found in sponges are cultivable Jackson et al., 2012) . Recent advances, however, in molecular techniques, such as pyrosequencing, now enable us to assess bacterial communities at an unprecedented level of detail (Webster et al., 2010; Lee et al., 2011; Jackson et al., 2012; Schmitt et al., 2012b; White et al., 2012) .
In the present study, we compare the richness and composition of bacteria in two sponge species inhabiting enclosed marine lakes and surrounding open coastal habitat in the islands of Kakaban and Maratua in the Berau Delta barrier reef system. The species selected were Suberites diversicolor (Becking & Lim, 2009 ) (Demospongiae: Hadromerida: Suberitidae) and Cinachyrella australiensis (Carter, 1886) (Demospongiae: Spirophorida: Tetillidae). These sponges were selected because they were relatively abundant inside and outside marine lakes. Specimens of both species were sampled in marine lakes located in the islands of Kakaban and Maratua in the Berau Delta barrier reef system, East Kalimantan, Indonesia (Fig. 1) . In addition to this, we also sampled sponges from marine shallow open water habitat surrounding both islands.
Our specific goals were to (1) compare bacterial richness between host species and among habitats; (2) identify the most abundant higher bacterial taxa; (3) assess to what extent host species and habitat (marine lake vs. open water) structure sponge bacterial composition; and (4) identify dominant ( ! 500 sequences) bacterial OTUs and their closest known relatives using BLAST and assess the relationships among taxa using phylogenetic analysis.
Materials and methods

Sampling
Sampling was performed by snorkelling and SCUBA diving from 10 August to 10 September 2008 inside and outside (Opn) the marine lakes of Berau, East Kalimantan Province, Indonesia (Fig. 1) . The Berau Delta and barrier reef system in East Kalimantan, Indonesia, is an intricate coastal system with a variety of coastal landforms and associated ecosystems such as coral reefs and mangroves. The offshore islands of the barrier reef system, Kakaban and Maratua, contain marine lakes. Kakaban lake (Kak), a large marine lake of c. 4 km 2 fringed by mangroves, is located in Kakaban island (N02°08′57.3″ E118°31′26.4″). Kakaban lake is one of the largest marine lakes presently known and strongly disconnected from the adjacent sea (Tomascik & Mah, 1994; Becking et al., 2011) . Haji Buang Lake (Mbu), a smaller marine lake of c. 0.14 km 2 , is located in Maratua Island (N02°12′31.2″ E118°35′46.8″). A detailed description of the lakes of Kakaban and Maratua is provided by Tomascik & Mah (1994) , Tomascik et al. (1997) and Becking et al. (2011) .
Cores of the sponge species C. australiensis (Demospongiae: Spirophorida: Tetillidae) and S. diversicolor (Demospongiae: Hadromerida: Suberitidae) were sampled including segments of surface and interior to sample, as much as possible, the whole bacterial community; these were stored in 96% EtOH for microbial analysis. All specimens were collected from shallow water habitat (< 5 m depth). Specimens were identified to species by LE Becking and NJ de Voogd. Voucher specimens were preserved in 70% EtOH and deposited in the sponge collection of the Naturalis Biodiversity Center (RMNH Porifera). In the Berau region, S. diversicolor occurs predominantly in marine lakes, but can also be found in sheltered areas outside the marine lakes. The species has also been found in Singapore and Northern Australia in sheltered habitats. The external coloration of S. diversicol-or varies greatly between and within localities from green to red, while being bright to dark yellow internally. The variable external coloration is thought to be due to the presence of photosynthesising symbionts (Becking & Lim, 2009) . Cinachyrella australiensis is a globular yellow sponge that occurs in a great variety of habitats across the Indo-Pacific. Both species tolerate and thrive in extreme or perturbed environments including marine lakes and intertidal areas subject to fluctuations in salinity, sediment loads and exposure to air during low tide (McDonald et al., 2002; Becking & Lim, 2009; de Voogd et al., 2009; Becking et al., 2013) . Four specimens were collected per location; both species were collected from the marine lakes in Kakaban and Haji Buang, and four additional samples were collected from open waters surrounding the islands of Kakaban and Maratua (Fig. 1) .
DNA extraction and pyrosequencing
Based on the work of Hardoim et al. (2009) , genomic DNA was extracted using 0.5 g of tissue from each individual. After cutting the tissue samples into small slices, DNA was extracted with the FastDNA â Spin Kit for Soil (MP Biomedicals). To optimise DNA extraction, we followed the standard MP Biomedicals protocol. After DNA extraction, the community 16S rRNA gene was amplified for the V3V4 hypervariable region with barcoded fusion primers containing the Roche-454 A and B Titanium sequencing adapters, an eight-base barcode sequence in adaptor A and specific sequences for the ribosomal region. Two replicate PCRs were performed for each sample using the primer pair V3F (5′-ACTCCTACGGGAGGC AG-3′) and V4R (5′-TACNVRRGTHTCTAATYC-3′) (Wang & Qian, 2009) window test of quality scores was enabled with a value of 50 as suggested in the QIIME description for the script. In addition to user-defined cut-offs, the split_libraries.py script performs several quality-filtering steps (http:// qiime.org/scripts/split_libraries.html). OTUs were selected using the pick_otus.py script in QIIME with the usearch_ref method, default sequence similarity threshold of 0.97 and minimum cluster size of 1, and OTUs were selected using the most recent Greengenes release (Greengenes 12_10; http://qiime.wordpress.com/2012/10/ 16/greengenes-12_10-is-released/) as reference database.
Reference-based OTU picking using the 12_10 release led to a large increase in the number of reads assigned to the reference database of soil and human microbiome data when compared to an earlier Greengenes release (release 4feb2011; http://qiime.wordpress.com/, last accessed 19 November 2012). The usearch sequence analysis tool (Edgar, 2010) implemented in QIIME provides clustering, chimera checking and quality filtering on demultiplexed sequences. Chimera checking was performed using the UCHIME algorithm, which is the fastest and most sensitive chimera-checking algorithm currently available (Edgar et al., 2011) . In the present study, we used de novo checking and reference-based chimera checking using a reference fasta file ('99_otus.fasta') from the Greengenes 12_10 release. The quality filtering as implemented in usearch filters noisy reads and preliminary results suggest it gives results comparable to other denoisers such as AmpliconNoise, but is much less computationally expensive (http://drive5.com/usearch/features. html, last accessed 19 November 2012). Representative sequences were selected using the pick_rep_set.py script in QIIME using the 'most_abundant' method. Reference sequences of OTUs were assigned taxonomies using default arguments in the assign_taxonomy.py script in QIIME with the rdp method (Wang et al., 2007) . In the assign_taxonomy.py function, we used a fasta file containing reference sequences from the Greengenes 12_10 release as training sequences for the rdp classifier. We used a modified version of the taxonomy file supplied with the Greengenes 12_10 release to map sequences onto the assigned taxonomy. Finally, we used the make_otu_ table.py script in QIIME to generate a square matrix of OTUs by samples. This was subsequently used as input for further analyses using the R package (http://www. r-project.org/, last accessed 19 November 2012).
Statistical analysis
A square matrix containing the abundance of all OTUs per sample was imported into R using the read.table() function. Plant organelles, mitochondria and sequences not classified as Bacteria (e.g. Archaea) were removed prior to statistical analysis. Samples with < 100 sequences were also removed prior to analysis. After importing into R, we used a self-written function (Gomes et al., 2010) to estimate total rarefied OTU richness for pooled samples belonging to each sponge host in each habitat. The OTU abundance matrix was log 10 (x + 1)-transformed (to normalise the distribution of the data), and a distance matrix was constructed using the Bray-Curtis index with the vegdist() function in the VEGAN package (Oksanen et al., 2009) in R. The Bray-Curtis index is one of the most frequently applied (dis)similarity indices used in ecology (Legendre & Gallagher, 2001; Cleary, 2003; Cleary & Genner, 2004; Becking et al., 2006; de Voogd et al., 2009) . Variation in sponge composition among habitats (Opn, Kak and Mbu) and sponge hosts (C. australiensis and S. diversicolor) was assessed with principal coordinates analysis (PCO) using the cmdscale() function in R with the Bray-Curtis distance matrix as input. Variation among habitats and sponge hosts was tested for significance using the adonis() function in vegan. In the adonis analysis, the Bray-Curtis distance matrix of species composition was the response variable with habitat and sponge host as independent variables; the strata argument was set to habitat so that randomisations were constrained to occur within each habitat and not across all habitats. The number of permutations was set at 999; all other arguments used the default values set in the function. Weighted averages scores were computed for OTUs on the first two PCO axes using the wascores() function in the VEGAN package.
Description of phylogenetic analysis
Sequence identifiers of closely related taxa of numerically dominant OTUs ( ! 500 sequences) were downloaded using the NCBI Basic Local Alignment Search Tool (BLAST) command line 'BLASTN' tool with the -db argument set to nt (Zhang et al., 2000) . BLAST identifies locally similar regions between sequences, compares sequences to extant databases and assesses the significance of matches; functional and evolutionary relationships can subsequently be inferred. Each run produces a list of hits based on significant similarity between pairs of sequences, that is, the target sequence and taxa present in the database (or no hits if no significantly similar sequences are found). A discussion of how significance is determined can be found at http://www.ncbi.nlm.nih.gov/BLAST/ tutorial/Altschul-1.html. We used the BLASTN command line tool in a Linux environment to query representative sequences of selected taxa including all the dominant OTUs ( ! 500 sequences) against the online NCBI nucleotide database. We then generated a vector containing sequence identifiers (GIs) of the 10 top hits of all representative sequences and used the Entrez.efetch function in BioPython (Cock et al., 2009 ) with the rettype argument set to 'gb' to download GenBank information of aforementioned top hits including the isolation source of the organism and the host. From the list of hits, we selected taxa with the highest maximum sequence identity score (and total score) to our target representative sequences and included these in a phylogenetic analysis of the dominant OTUs. Fasta files of the closely related organisms identified with BLAST were downloaded using the Entrez.efetch function with the rettype argument set to 'fasta'.
We constructed a phylogenetic tree including all dominant taxa ( ! 500 sequences), some additional taxa, for example the most dominant poribacterial OTU, and their closest relatives identified using BLAST as previously described. The phylogenetic tree was built using the MEGA5 program (http://www.megasoftware.net/, last accessed 20 November 2012; Tamura et al., 2011) with the neighbour-joining method (Saitou & Nei, 1987) based on the Kimura 2-parameter method (Kimura, 1980) . In the results, we present a bootstrap consensus tree based on 1000 replicates (Felsenstein, 1985) . Branches reproduced in < 50% of the bootstrap replicates are collapsed. The bootstrap value is shown next to each branch when this exceeds 50%. This value represents the percentage of replicate trees in which the associated taxa clustered together. In the results, the tree presented is drawn to scale; branch lengths are measured in the number of substitutions per site. Fifty-nine nucleotide sequences were involved in the analysis. Codon positions included were 1st + 2nd + 3rd + Noncoding. Positions with gaps and missing data were eliminated. There were a total of 1569 positions in the final data set.
Results
The sequencing effort yielded 53 683 sequences, which were assigned to 3064 OTUs after quality control, OTU picking and removal of chimera (Tables S1 and S2 , Supporting Information). The assign taxonomy script, however, failed to assign 890 OTUs to the kingdom 'Bacteria'; 47 OTUs were identified as either chloroplasts or mitochondria. After removal of these OTUs, chloroplasts and mitochondria, our sequencing effort yielded 50 892 sequence reads and 2127 OTUs. OTUs were assigned to a total of 29 phyla. These included Proteobacteria (975 OTUs), Bacteroidetes (104), Actinobacteria (71), Firmicutes (60), Chloroflexi (52), Cyanobacteria (37), Acidobacteria (26), Gemmatimonadetes (17), Spirochaetes (13), Nitrospirae (8), ZB3 (7), Verrucomicrobia (7), Chlamydiae (5) and Poribacteria (4). 716 OTUs remained unclassified at the phylum level. 773 OTUs from 14 150 sequence reads were identified from S. diversicolor hosts, while 1504 OTUs from 36 742 sequence reads were identified from C. australiensis hosts. A total of 22 OTUs were dominant, that is, were represented by more than ! 500 sequences. The most dominant OTU overall was OTU-1733, an Alphabacterium only found in S. diversicolor hosts and represented by 5631 sequences. As can be seen in the heat map (Fig. 2) , the distribution of dominant OTUs suggests pronounced clustering. Taxa were largely restricted to S. diversicolor hosts and C. australiensis hosts in open vs. lake habitat. Only one OTU was found in every sponge, OTU-218.
OTU richness
Rarefied bacterial OTU richness was highest in C. australiensis and S. diversicolor hosts in Haji Buang lake, Maratua, intermediate in open water habitat and lowest in Kakaban lake. In each habitat, C. australiensis harboured more diverse bacterial assemblages than S. diversicolor (Fig. 3 ). Despite this, habitat appears to be a better predictor of bacterial richness than host. OTU richness approached 800 OTUs when more than 20 000 sequences were sampled for the most abundant host-habitat combination, namely C. australiensis hosts in open habitat. There was no evidence of an asymptote for any hosthabitat combination, which indicates that true richness is higher than that reported here.
Higher taxon abundance
There were marked differences in the abundance of higher bacterial taxa between host species and among habitats (Fig. 4) . The Acidimicrobidae, Gammaproteobacteria and Deltaproteobacteria were markedly more abundant in C. australiensis than in S. diversicolor hosts. In contrast, Alphaproteobacteria were more abundant in S. diversicolor than in C. australiensis hosts. This was, however, largely due to the dominance of taxa belonging to the Kiloniellales order in S. diversicolor hosts. Alphaproteobacteria in C. australiensis hosts were more abundant in lake habitat than in open habitat. Taxa belonging to the Anaerolineae and Methylococcales were largely restricted to C. australiensis hosts in open habitat. Of the 1061 sequences identified as Anaerolineae, only three were not found in C. australiensis hosts in open habitat. Of the 6402 sequences identified as Methylococcales, only two (both from a single specimen of C. australiensis in Haji Buang Lake) were not found in C. australiensis hosts in open habitat. Betaproteobacteria were largely restricted to C. australiensis hosts in lake habitat. Of the 1149 sequences identified as Betaproteobacteria, only two (both from a single specimen of S. diversicolor in open habitat) were not found in C. australiensis hosts in lake habitat. Likewise, taxa belonging to the Rhizobiales and Rhodobacterales were much more abundant in C. australiensis hosts in lake habitat than in open habitat or S. diversicolor hosts in all habitats. Taxa belonging to the Synechococcophycideae were found in all host-habitat combinations, but reached their greatest abundance in both sponge hosts from Kakaban lake. Finally, dominance as indicated by the relative abundance of the most dominant OTU in each sponge was higher in S. diversicolor than in C. australiensis hosts (Fig. 4) . In samples from C. australiensis hosts, the average abundance of the most dominant OTU varied from 12.5% to 34.6% in all habitats; these OTUs included OTU-258 in open habitat and OTUs 176, 1769, 193 and 218 in lake habitats. In samples from S. diversicolor hosts, average abundance of the dominant OTU varied from 22.4% to 56.1% in all habitats with the dominant OTU invariably OTU-1733 or OTU-1798.
Importance of host and habitat in structuring composition
There was a highly significant difference in bacterial composition among sponge hosts (F 1,14 = 7.66, P < 0.001, R 2 = 0.225), habitat (F 2,14 = 3.51, P < 0.001, R 2 = 0.206) and a significant interaction between host species and habitat (F 2,14 = 2.70, P < 0.001, R 2 = 0.158). Together, host and habitat explained almost 59% of the variation in bacterial composition. A PCO ordination of the first two axes is presented in Fig. 5 . There are three distinct clusters: (1) samples from C. australiensis hosts in open water habitat; (2) samples from S. diversicolor hosts in open water and lake habitats; and (3) samples from C. australiensis hosts in lake habitats. Axis 1 separates samples from C. australiensis hosts in open water habitat from S. diversicolor hosts in open water and lake habitats and C. australiensis hosts in lake habitats. Axis 2 separates samples from C. australiensis hosts and S. diversicolor hosts. 80.6-86.6% of OTUs were restricted to these clusters ( Fig. 6 ; S. diversicolor: 80.6%, i.e. 623 of 773 OTUs; C. australiensis lakes: 81.3%; C. australiensis open: 86.6%). Less than 2% of OTUs were found in all three clusters (37 of 2127). Suberites diversicolor shared 14.2% of OTUs (110 of 773) with C. australiensis in lake habitat and 10.0% (77 of 773) with C. australiensis in open habitat. Cinachyrella australiensis in open habitat shared 9.4% of OTUs (74 of 791) with C. australiensis in lake habitat.
There does not appear to be a pronounced difference in composition among samples from S. diversicolor in lake or open water habitats. Suberites diversicolor hosted three dominant OTUs (184, 1733 and 1798). OTU-184 was identified as a Gammaproteobacterium, and its closest relatives included an organism isolated from an oceanic dead zone environment and mussel gill tissue, but with maximum identities of only c. 93% (Table 1) . OTUs 1733 and 1798 were both identified as belonging to the recently described alphaproteobacterial order Kiloniellales. Suberites diversicolor in fact hosted three closely related and abundant alphaproteobacterial taxa (OTUs 1733, 1798 and 1850). Together, these three OTUs made up 63.4% of the total bacterial community. All three of these taxa clustered together with organisms isolated from sandy reef sediment and two sponges (Hymeniacidon heliophila and Halichondria sp.; Fig. 7 ). They form a strongly supported (bootstrap value = 100) cluster and are distinct from other (putative) members of the Kiloniellales including the type species Kiloniella laminariae and may represent a novel family (or families) within the order.
In contrast to samples obtained from S. diversicolor hosts, there was a pronounced difference in bacterial composition of samples obtained from C. australiensis hosts in open vs. lake habitat, which would explain the significant interaction in the adonis analysis. Cinachyrella australiensis sponges in lake habitat thus host unique bacterial assemblages compared with sponges in open habitat. Most of the dominant Alpha-and Betaproteobacteria were restricted to lake habitat. OTUs 199 and 1769 are related to organisms recently isolated from sponges in the Great Barrier Reef. The closest known relative of OTU-193, a Betaproteobacterium, was isolated from the sponge Xestospongia muta in Florida, but the sequence identity was only 91% (Table 1 ). The only dominant Alphaproteobacterium isolated from C. australiensis sponges in open habitat was OTU-2925, whose closest relative was isolated from carbonate sediments in the SouthWest Indian Ridge. Dominant OTUs from C. australiensis identified as belonging to the Gamma-or Deltaproteobacteria were all closely related to organisms isolated from sponges. Methylococcales taxa were very closely related (sequence identities > 99%) to organisms isolated from sponges in the Great Barrier Reef and Florida. Interestingly, two OTUs from lake habitat (196 and 327) form a distinct cluster, but this cluster clusters together with that of the Methylococcales taxa and is distinct from other Gammaproteobacteria. All other OTUs identified as belonging to other phyla were closely related to taxa isolated from sponges with the exception of OTU-218 (Fig. 7) . OTU-218 was the only OTU found in all sponge specimens and was identified as belonging to the family Synechococcaceae (Table 1) . It was very closely related (maximum identity = 100%) to an organism isolated from sea water in the Mediterranean Sea. Only four OTUs were identified as belonging to the proposed phylum Poribacteria, and these were all only found in C. australiensis hosts in open habitat. The closest relative (sequence identity = 93.72%) of the most abundant of these (OTU-226) was an organism isolated from the sponge Ircinia variabilis in the Mediterranean sea.
Discussion
In our study, Proteobacteria dominated both sponge species. In contrast to Schmitt et al. (2012b) , where Poribacteria were relatively abundant and present in a variety of sponge species, they were only a minor component of the bacterial flora in this study and were, furthermore, restricted to C. australiensis hosts in open habitat. A large number of OTUs remained unassigned at phylum level in the present study. This high number of unassigned sequences is similar to those reported by White et al. (2012) , a pyrosequencing study of bacterial symbionts within Axinella corrugata sponges; in their study, 36% of 16S rRNA gene fragments were unassigned OTUs. In addition to the above, we recorded a large number of OTUs that were unassigned to kingdom, even after quality control and removal of chimera. These included some moderately abundant OTUs. We did not, however, include these OTUs in subsequent analyses, but their presence is noteworthy.
With respect to bacterial OTU richness, there appeared to be both a habitat and species effect. OTU richness was highest in Haji Buang lake, Maratua, intermediate in open habitat and lowest in Kakaban. In each habitat, however, C. australiensis hosted more OTUs than S. diversicolor. None of the rarefaction curves, though, approached an asymptote indicating that true richness is higher. Other studies of microbial communities of sponges also failed to sample till saturation (Webster et al., 2010; Lee et al., 2011; Jackson et al., 2012; Schmitt et al., 2012b; White et al., 2012) . There were marked differences in the abundance of bacterial classes among sponge hosts and habitats. These results are in accordance with Lee et al. (2011) . They reported pronounced differences in the abundance of bacterial phyla in different sponge species (Hyrtios erectus, Stylissa carteri, Xestospongia testudinaria) from different locations. Likewise, Erwin et al. (2011) reported differences in the relative abundances and presence/absence of OTUs between the sponges Hymeniacidon heliophila and Haliclona tubifera.
Both sponge species exhibited pronounced dominance with respect to the relative abundance of single taxa in a given sponge individual. This was most pronounced with S. diversicolor in open habitats where, on average, close to 50% of the sponge community was dominated by a single OTU. In comparison, the mean relative abundance of the dominant OTU in mangrove rhizosphere and sediment in Brazil was < 2% for all microhabitats (Gomes et al., 2010) . The only study we know of where dominance approached the level reported in this study was another sponge study by Webster et al. (2010) . In most of their samples, the bulk of bacterial diversity consisted of rare OTUs with only one or a few tags with a relatively low proportion of highly abundant taxa. The sponge Lanthella basta, however, exhibited pronounced dominance.
Most of the OTUs identified in this study were restricted to a single host (S. diversicolor vs. C. australiensis) or a single habitat (lake vs. surrounding water). Only 37 OTUs (of 2127, thus, 1.7% of OTUs) were found in both host species in open and lake habitat. The only OTU found in all samples was assigned to the family Synechococcaceae. This sequence had 100% sequence similarity to a number of organisms isolated from sea water and various sponge species including Crella cyathophora and S. carteri (Giles et al., 2012) in Saudi Arabian waters and a large number of cultured organism identified as Synechococcus spp. including an organism isolated from the Sargasso Sea (Ahlgren & Rocap, 2012) . Synechococcus is a widespread Cyanobacterium that can be very abundant in the marine euphotic zone. It is also an important component of the autotrophic plankton community (Waterbury et al., 1979) .
Most of the dominant OTUs identified during this study were closely related to organisms isolated from sponges, also called Plus-OTUs by other authors as opposed to Minus-OTUs, which are OTUs assigned to a non-sponge-derived sequence (Schmitt et al., 2012a, b) . Minus-OTUs in the present study included OTU-1733, whose closest relative was isolated from marine reef sandy sediment, OTU-2925, whose closest relative was isolated from carbonate sediment, OTU-184, whose closest relative was isolated from an oceanic dead zone, and OTU-637, whose closest relative was isolated from an oil field. Given the relatively low sequence similarities (Table 1) , however, it is likely that closer, possibly sponge-derived, relatives will be found in the future.
The pronounced dominance of Kiloniellales OTUs in S. diversicolor hosts is intriguing. Three OTUs identified as belonging to the Kiloniellales made up more than 63% of the total bacterial community in S. diversicolor. Previous studies have shown that Suberites species and their endosymbiotic bacteria produce strong antimicrobial compounds suggesting that the sponge host is a strongly selective environment for bacteria (Thakur et al., 2003; Wiens et al., 2011; Flemer et al., 2012) . In addition to this, the type species of the order Kiloniellales, K. laminariae, was first isolated by selecting active antibiotic producers on agar plates (Wiese et al., 2009) .
Kiloniella laminariae is a mesophilic, chemoheterotrophic aerobe with the potential for denitrification and exhibits a typical marine growth response. In its natural environment, it was found in association with the brown alga Laminaria saccharina. Although the dominant OTUs inhabiting S. diversicolor were identified as Kiloniellales, sequence similarity values were below 90% to other (putative) members of the Kiloniellales including the type species K. laminariae. They did, however, cluster together with these species forming a well-supported cluster in our phylogenetic analysis. The results of the BLAST analysis and our phylogenetic tree, however, indicate the existence of a distinct cluster within the Kiloniellales, possibly a new family (or families). This cluster includes organisms isolated from the sponges H. heliophila and Halichondria sp. in Alabama and an organism isolated from sandy reef sediment in Hawaii (Erwin et al., 2011; Gao et al., 2011) . The sheer dominance of the three Kiloniellales OTUs in S. diversicolor thus indicates that they are well adapted to any antimicrobial substances produced by the host sponge and/or produce strong antimicrobial substances themselves. Either way, the sponge S. diversicolor is probably an interesting candidate to explore for novel bioactive compounds, particularly in relation to antimicrobial activity. In C. australiensis hosts, we recorded almost twice as many OTUs (1504 vs. 773 in S. diversicolor) and less pronounced dominance. The most abundant OTU (258) was assigned to the family Methylococcaceae. Despite being assigned to the Methylococcaceae, its closest relative (99% sequence similarity) was identified as a Nitrosococcus species (order: Chromatiales) isolated from the sponge Rhopaloeides odorabile in the Great Barrier Reef (Webster et al., 2011) . In a phylogenetic study of the Gammaproteobacteria, Gao et al. (2009) noted that species from the Thiotrichales, Cardiobacteriales, Legionellales, Chromatiales, Methylococcales and Xanthomonadales revealed deeper branching in trees and unresolved relative branching positions. In the tree, they present in Fig. 1 Other dominant taxa in C. australiensis hosts included OTU-176 (family: Hyphomicrobiaceae) and OTU-1769 (family: Rhodobacteraceae), both restricted to lake habitat. The Hyphomicrobiaceae are ubiquitous in terrestrial and freshwater habitats, but only a few have been recorded from marine environments (Huo et al., 2012) . Species belonging to the Hyphomicrobiaceae have been identified as important methylotrophic denitrifiers (Liessens et al., 1993; Osaka et al., 2006) . OTU-1769 was an Alphaproteobacterium with 93% sequence similarity to an organism identified as Rhodovulum imhoffii isolated from a marine aquaculture pond (Srinivas et al., 2007) . The dominance of OTUs related to taxa known to be involved in nutrient cycling, namely nitrogen fixation (Synechococcus), ammonia oxidation (Nitrosococcus), denitrification (Hyphomicrobiaceae), possible denitrification (Kiloniellales) and sulphur oxidation (Rhodovulum), suggests that sponges in this study may play an important role in reef and lake nutrient dynamics. In Floridian reefs, Southwell et al. (2008) demonstrated that the majority of benthic nitrification occurred within sponges and that sponge composition and abundance probably had a strong influence on the concentration and speciation of dissolved inorganic nitrogen in the reef water column. Increased nitrate concentrations near the benthos may in turn affect coral reef community structure. Sponges are found in much greater densities in marine lakes than in either adjacent coral 
OTU, OTU number of dominant OTUs and selected other OTUs; GI, GenInfo sequence identifier of closest related organisms identified using BLAST; Sq ident, sequence identity; Sq len, length of representative sequence used to construct phylogenetic tree; Source, isolation source; Location, location where organism was sampled;?, No location.
reefs or mangroves (Becking et al., 2013) . They often completely cover the roots of mangrove trees that fringe the marine lakes. Given the generally much higher densities of bacteria in sponges than in the surrounding water, sponges may play a crucial role in nutrient dynamics within the lake ecosystem.
Importance of host and habitat in structuring composition
In the present study, we have demonstrated the importance of both host species and habitat in structuring bacterial composition. Almost 59% of the variation in ubiquitous, found in all host individuals. For organisms found using BLAST, we include the host and/or habitat from which the organism was isolated as well as the geographical locality where the organism was isolated.
composition was explained by the combination of both factors. We were able to discern three distinct clusters in the PCO ordination: (1) a cluster representing assemblages hosted in S. diversicolor; (2) a cluster representing assemblages hosted in C. australiensis sponges sampled in open water; and (3) a cluster representing assemblages hosted in C. australiensis sponges sampled in lake habitat. The ordination confirms the findings of the heat map and demonstrates that C. australiensis hosts very different bacterial communities inside and outside marine lake habitat. That this is not the case with S. diversicolor may be due to pronounced selective pressure of the sponge on its microbial community, possibly through the production of antimicrobial proteins or antimicrobial activity of the microorganisms themselves. In addition to this, the main populations of S. diversicolor are found within lake habitat in contrast to C. australiensis, which maintains large and extensive populations outside the lakes.
Our study provides the first assessment of bacterial communities inhabiting sponges in marine lakes. Bacterial composition also differed strongly between sponge host species. The widespread C. australiensis showed very pronounced variation in composition between lake and open water habitat, whereas the recently described S. diversicolor showed very little difference. Much yet remains to be studied in marine lake environments including bacteria and other microorganisms such as Archaea in other sponge species, other organisms, water and sediment. Given the unique nature of the marine lakes, it is probable that sponges and other lake organisms host unique bacteria with potentially valuable pharmaceutical and/or biotechnological properties. Table S1 . Total abundance (Sum) of each OTU, abundance of each OTUs per sample of all OTUs and the taxonomic assignment of each OTU. Table S2 . Total abundance (Cin Lak sqs, Cin Opn sqs, Sub Sqs) and number of OTUs (Cin Lak OTUs, Cin Opn OTUs, Sub OTUs) per cluster aggregated according to kingdom, phylum and class.
